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Abstract

Background Tight junction (TJ) injuries induced by pep-
sin—trypsin-resistant gliadin (PT-G) play an important role
in the pathogenesis of celiac disease. Previously, 1,25-di-
hydroxy vitamin D3 (VD3) was reported to be a TJ regu-
lator that attenuates lipopolysaccharide- and alcohol-
induced TJ injuries. However, whether VD3 can attenuate
PT-G-induced TJ injuries is unknown.

Aim The aim of this study was to evaluate the effects of
VD3 on PT-G-induced TJ injuries.

Methods Caco-2 monolayers were used as in vitro models.
After being cultured for 21 days, the monolayers were
treated with PT-G plus different concentrations of VD3.
Then, the changes in trans-epithelial electrical resistance
and FITC-dextran 4000 (FD-4) flux were determined to
evaluate the monolayer barrier function. TJ protein levels
were measured to assess TJ injury severity, and myeloid
differentiation factor 88 (MyD88) expression and zonulin
release levels were determined to estimate zonulin release
signaling pathway activity. Additionally, a gluten-sensi-
tized mouse model was established as an in vivo model.
After the mice were treated with VD3 for 7 days, we
measured serum FD-4 concentrations, TJ protein levels,
MyD88 expression, and zonulin release levels to confirm
the effect of VD3.

Results Both in vitro and in vivo, VD3 significantly
attenuated the TJ injury-related increase in intestinal
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mucosa barrier permeability. Moreover, VD3 treatment up-
regulated TJ protein expression levels and significantly
decreased MyD88 expression and zonulin release levels.
Conclusions VD3 has protective effects against PT-G-in-
duced TJ injuries both in vitro and in vivo, which may
correlate with the disturbance of the MyD88-dependent
zonulin release signaling pathway.

Keywords Pepsin—trypsin-resistant gliadin -
1,25-Dihydroxy vitamin D3 - Tight junction - MyD88 -
Zonulin release

Introduction

Celiac disease (CD) is a chronic autoimmune disease with
a prevalence of approximately 1% in the Western world.
The major cause of this disease is ingestion of gluten-
containing foods [1]. Gluten causes CD because gliadin,
one of the major components of gluten, contains large
amounts of proline and glutamine, which cannot be com-
pletely digested by digestive enzymes [2]. Consequently,
the undigested gliadin forms several types of peptide
fragments, such as pepsin—trypsin-resistant gliadin (PT-G),
in the small intestine lumen. Some types of PT-G, such as
P31-43 peptide, have immunogenic effects and can be
recognized as food-derived antigens by intestinal dendritic
cells. This recognition results in activation of the intestinal
immune system and ultimately induces CD in susceptible
individuals carrying the HLA-DQ2 or HLA-DQS gene
[3, 4]. Therefore, gluten and its components, especially
PT-G, are believed to be triggers for CD, and avoiding
gluten intake remains the only effective treatment for CD
to date. However, strictly adhering to a lifelong gluten-free
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diet is extremely challenging. Thus, more effective and
convenient treatments for CD are urgently needed.

Intestinal epithelial integrity plays an important role in
maintaining health by preventing harmful materials from
passing through intestinal mucosa barrier. Under normal
conditions, PT-G cannot pass through the barrier, nor can
it reach the lamina propria (LP), where it attracts intestinal
immune cells because of its high molecular weight. How-
ever, in patients with CD, PT-G disrupts small intestinal
epithelial integrity through a complex mechanism.
CXCR3, a chemotactic factor receptor that is overex-
pressed on the surface of small intestinal epithelial cells in
CD npatients, participates in PT-G-mediated intestinal
epithelial disruption [5]. PT-G was reported to bind to
CXCR3, and the PT-G-CXCR3 complex further activates
the zonulin release signaling pathway [6]. Zonulin, a tight
junction (TJ) regulator, plays an important role in PT-G-
induced intestinal epithelial disruption by inducing TJ
injuries directly [7-10]. TJs are believed to be the major
junctions responsible for regulating intestinal mucosa bar-
rier permeability and are composed of several types of
proteins, including occludins, claudins, and zonula occlu-
dens (ZOs) [11]. TJ injuries are believed to be an initial
process that enables PT-G to enter the LP and activate
intestinal immune cells. Moreover, a recent study con-
firmed that PT-G-induced zonulin release is a myeloid
differentiation factor 88 (MyD88)-dependent process [12].
MyD88 is an intracellular signaling molecule that is
recruited and activated by PT-G-CXCR3. In the study,
MyDS88 depletion failed to induce zonulin release and had
no influence on intestinal permeability in both in vitro and
in vivo experiments. Therefore, the MyD88-dependent
zonulin release signaling pathway plays a critical role in
PT-G-induced TJ injuries, and agents designed to inhibit
MyD88 expression may be useful for CD treatment.

The active form of vitamin D3, 1,25-dihydroxy vitamin
D3 (VD3), is well known for its ability to regulate calcium
absorption and bone formation. Recently, an increasing
number of studies have shown that VD3 has many other
functions. Specifically, VD3 was reported to regulate
immune response, inhibit cancer cell growth, alleviate
asthma, and prevent acute respiratory infections [13—15].
In these reports, VD3 performs its functions by binding
with a nuclear ligand, namely vitamin D receptor (VDR),
regulating the expression of numerous functional proteins.
Notably, VD3 also has beneficial effects on gastrointestinal
diseases. For example, a previous study reported that VD3
can alleviate 2,4,6-trinitrobenzenesulfonic acid-induced
colitis [16]. More interestingly, several studies have
reported that VD3 has a protective effect on intestinal TJ
injuries induced by dextran sulfate sodium (DSS) [17],
TNF-o [18], and alcohol [19]. In these studies, VD3 sig-
nificantly up-regulated TJ protein expression. Moreover,

many studies have also reported that VD3 is capable of
inhibiting intestinal MyD88 expression [20-22].

Given these data, we hypothesize that VD3 attenuates
PT-G-induced TJ injuries by disrupting the MyD88-de-
pendent zonulin release signaling pathway and increasing
TJ protein levels. To confirm this, we used Caco-2
monolayers and gluten-sensitized mice to evaluate the
effects of VD3 on PT-G-induced TJ injuries and estimate
the activity of MyD88-dependent zonulin release signaling.

Materials and Methods
PT-G Preparation

PT-G was prepared as described previously, with minor
modifications [23]. A total of 10 g of gliadin from wheat
(Sigma-Aldrich, St. Louis, MO, USA; G3375-25G) was
dissolved in 100 mL of 0.2 mmol/L HCL and then incu-
bated with 250 mg of pepsin (Sangon Biotech, Songjiang
District, Shanghai, China; 1:250) for 4 h at 37 °C. After the
pH of the solution was adjusted to 8.0 using 1 mmol/L
NaOH, the pepsin-digested product was digested by
250 mg of trypsin (Sangon Biotech, Songjiang District,
Shanghai, China; 1:3000) for an additional 4 h in an
oscillator with a contrast temperature of 37 °C and a speed
of 50 rpm. We then boiled the mixture for 30 min to
inactivate the enzymes before lyophilizing the mixture and
storing it at —20 °C. PT-G was suspended in PBS at a final
concentration of 1 mg/mL when used.

Cell Culture Conditions

The Caco-2 cell line was purchased from ATCC and cul-
tured in DMEM with 4.5 mg/mL glucose, 10% fetal bovine
serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100
U/mL streptomycin, according to the manufacturer’s
instructions. The cells were incubated in a 37 °C incubator
with 5% CO, and were subcultured at a 1:2 ratio when they
were approximately 80% confluent. Cells from passages 20
to 40 were used for the experiments. All cell culture
reagents were purchased from Sigma-Aldrich, St. Louis,
MO, USA.

Trans-Epithelial Electrical Resistance (TEER)
Measurements

A trans-well system with 12 inserts (Corning Incorporated,
Corning, NY, USA; 0.4 um pore size) was used for these
experiments. Caco-2 cells were seeded in the apical
chambers at a high density (1 x 10° cells/chamber) and
bathed with 1.0 mL of medium, which was changed every
24 h. The TEER of each chamber was measured by an
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ERS-2 m (Merck Millipore, Kennebunk, ME, USA), which
measures paracellular resistance on a daily basis, as pre-
viously described [24]. When the TEER reached
300 Q sz, we concluded that the Caco-2 monolayers had
been successfully established. We then randomly divided
all the chambers into the following five groups and treated
each group with the indicated reagent(s) for 24 h: control
medium, 1 mg/mL PT-G, 1 mg/mL PT-G + 107’ M VD3
(Sigma-Aldrich, St. Louis, MO, USA), 1 mg/mL PT-
G + 107® M VD3, and 1 mg/mL PT-G + 10~° M VD3.
The changes in TEER in each group were measured to
assess the changes in monolayer permeability induced by
the indicated treatments.

FITC-Dextran 4000 (FD-4) Flux Measurements

We also evaluated the changes in Caco-2 monolayer per-
meability induced by the indicated treatments by measur-
ing the changes in FD-4 (Sigma-Aldrich, St. Louis, MO,
USA) flux. After the monolayers were treated with the
indicated reagents for 24 h, as described above, we
removed the medium from each apical chamber, washed
the monolayers twice with pre-cooled PBS, and then placed
the trans-well system in a 37 °C incubator for 10 min to
stabilize the monolayers. We then added 200 pL of FD-4
(10 mg/mL) to each apical chamber and 1 mL of PBS to
each basal chamber. The trans-well system was subse-
quently incubated for an additional 2 h, after which FD-4
flux was assessed by removing 100 pL. of PBS from each
basal chamber and evaluating the fluorescence intensity of
the solution with a microplate reader. The excitation
wavelength was 490 nm, and the emission wavelength was
520 nm. We then determined the final concentrations of
FD-4 using a standard curve generated by serial dilution.

Quantitative PCR (qPCR) for TJ Protein
and MyD88 mRNA Expression

The effects of treatment with PT-G and VD3 on TJ protein
and MyD88 mRNA expression in the Caco-2 monolayers
were evaluated by qPCR. Briefly, cells were collected by
trypsin digestion, and total RNA extraction was performed
using a total RNA extraction kit (Sangon Biotech, Song-
jiang District, Shanghai, China), according to the manu-
facturer’s instructions. Two micrograms of total cell RNA
was subsequently used to synthesize cDNA using a Revert
Aid First-strand cDNA Synthesis Kit (Thermo Fisher Sci-
entific, Waltham, MA, USA), according to the manufac-
turer’s instructions. Real-time qPCR was subsequently
performed in a reaction system with a final volume of 25
pL. The reaction mixture comprised 2.5 pL of cDNA, 12.5
pL of Fast Start Universal SYBR Green Master Mix
(Roche Life Science, Indianapolis, IN, USA), 2.0 uL of
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paired primers (Invitrogen Biotechnology, Carlsbad, CA,
USA), and 8 pL of ddH,O. The reaction comprised the
following steps: 95 °C for 5 min, followed by 40 cycles of
15 s at 95 °C and 60 s at 60 °C. CT values were used to
calculate the relative mRNA expression levels of each
target gene (occludin, claudin-1, ZO-1, and MyD88) using
the 27 24T method. The following paired primers were
used for the experiment: occludin (forward): 5'-
CCCCCATCTGACTATGTGGAAAG-3 and occludin
(reverse): 5'-AACCACCGCTGCTGTAACGAG-3'; clau-
din-1 (forward): 5-CTGTGGATGTCCTGCGTGTC-3’
and claudin-1 (reverse): 5-ACTGGGGTCATAGGGTCAT
AGAAT-3; ZO-1 (forward): 5-ATTTGGCGAGAAA
CGCTATGA-3' and ZO-1 reverse: 5-TGGGTCTGGT
TTGGACACTAAG-3'; MyD88 (forward): 5'-TCCTCCAC
ATCCTCCCTTCC-3’ and MyD88 (reverse): 5'-TCC
GCACGTTCAAG AACAGA-3’; and GAPDH (forward):
5'-ACTTTGTATCGTGGAAGGACTCAT-3’ and GAPDH
(reverse): 5-GTTTTTCTAGACGGCAGGTCAGG-3'.

Western Blot Analysis

After undergoing the above treatments for 24 h, the cells
were collected and lysed in RIPA buffer on ice for 2 h.
The protein concentration in the lysis buffer was subse-
quently measured by a BCA Protein Quantitation Kit
(KeyGEN BioTECH, Nanjing, Jiangsu, China), according
to the manufacturer’s instructions. The proteins (40 pg)
were subsequently electrophoresed and separated on a
polyacrylamide gel before being transferred onto a PVDF
membrane, which was blocked for 1 h with 5% skim milk
to prevent non-specific binding and then incubated with
the following antibodies overnight at 4 °C: rabbit anti-
occludin polyclonal antibody (CUSABIO, Wuhan, Hubei,
China; final dilution 1:200), rabbit anti-claudin-1 poly-
clonal antibody (CUSABIO, Wuhan, Hubei, China; final
dilution 1:500), rabbit anti-ZO-1 polyclonal antibody
(Sigma-Aldrich, St. Louis, MO, USA; final dilution
1:200), rabbit anti-MyD88 polyclonal antibody (CUSA-
BIO, Wuhan, Hubei, China; final dilution 1:500), and
rabbit anti-B-actin polyclonal antibody (CUSABIO,
Wuhan, Hubei, China; final dilution 1:1000). The mem-
brane was subsequently incubated with goat anti-rabbit
IgG (CUSABIO, Wuhan, Hubei, China; final dilution
1:5000) for 1 h at room temperature. Then, the relative
concentrations of the proteins were detected by chemilu-
minescence, and densitometric analysis of each protein-
related signal was performed using a Chemidoc Molecular
Imager. The intensities of the protein bands were nor-
malized to those of B-actin.
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Zonulin Release Determination

The concentration of zonulin in the culture medium con-
taining the Caco-2 monolayer was measured at various
time points within the indicated window (from 30 min to
24 h post-treatment) using a Human Zonulin ELISA Kit
(CUSABIO, Wuhan, Hubei, China), according to the
manufacturer’s introductions. In addition, the serum
zonulin concentration of gluten-sensitized mice was also
measured using a Mouse Zonulin ELISA Kit (Shanghai
Heng Yuan Biotechnology, Yangpu District, Shanghai,
China), according to the manufacturer’s introductions.

Gluten-Sensitized Animal Models

According to previous studies [25-27], several pairs of
8-week-old BALB/c mice provided by the Animal Exper-
imental Center of Wuhan University were cohabited and
inbred for at least three generations. These mice were
maintained on a strict gluten-free diet purchased from the
Trophic Animal Feed High-Tech Co., Ltd, Nantong,
Jiangsu, China. Four-week-old third-generation mice were
used in our experiments. All the mice were randomly
divided into a control group, a PT-G group, and a PT-
G + VD3 group. The PT-G group and PT-G + VD3
group were sensitized by 100 pg of PT-G emulsified in
100 upL of Freund’s complete adjuvant, which was
administered intragastrically. In addition, the mice in these
groups also received 100 pg of PT-G orally once per week
for the subsequent 30 days, while the mice in the control
group continued to receive the gluten-free diet. After being
sensitized, the PT-G + VD3 group was treated with
100 ng/20 g VD3 orally for 7 consecutive days, and the
other two groups were treated with an equal dose of peanut
oil, which was used as a control. All procedures and pro-
tocols were approved by the Animal Care Committee and
Institutional Review Board at the Animal Experimental
Center of Wuhan University.

Measurements of Intestinal Permeability in Gluten-
Sensitized Mice

The small intestinal permeability of gluten-sensitized
mice was assessed by evaluating the flux of FD-4 from
the intestinal lumen to the serum. Briefly, each mouse
was administered 2 mg of FD-4 (10 mg/mL) orally 2 h
before being killed. After each mouse was Kkilled,
0.5-1 mL of blood was taken from the portal vein and
then stored at room temperature for 1 h before being
centrifuged at 3000 rpm for 10 min. One hundred
microliters of serum from each sample was subsequently
used to measure the concentration of FD-4 using the
assays described above.

Immunohistochemistry

After the gluten-sensitized mice were killed, their small
intestines were divided into 3 portions. The proximal
portion was used to measure expression of MyD88 by
immunohistochemistry; the middle portion was used to
measure TJ protein levels by western blot analysis and
MyD88 mRNA level by qPCR, according to the methods
described above; and the distal portion was stored at
—80 °C for later use. For the immunohistochemistry
experiments, we fixed the intestines in formalin, embedded
them in paraffin, and then cut them into five-micrometer-
thick sections, which were subsequently mounted on glass
slides and blocked with 5% BSA in PBS for 1 h at room
temperature before being incubated with 5 pg/mL rabbit
anti-mouse MyD88 antibodies (CUSABIO, Wuhan, Hubei,
China; final dilution 1:15) overnight at 4 °C. After being
washed thrice with PBS, the sections were incubated with
goat anti-rabbit IgG (CUSABIO, Wuhan, Hubei, China;
final dilution 1:50) for 1 h at 37 °C before being washed
with PBS again and stained with DAB for 5 min. The
sections were then mounted with resin, observed under a
microscope, and photographed as needed.

Statistical Analysis

All data are presented as the mean =+ SD. The analysis was
conducted using one-way ANOVA for comparisons among
different groups and using Tukey’s test for multiple com-
parisons. All comparisons were performed by GraphPad
Prism software (version 6.0, CA, USA). P < 0.05 was
considered statistically significant.

Results

Effects of VD3 and PT-G Treatment on Caco-2
Monolayer Barrier Function

We assessed the function of the Caco-2 monolayer barrier by
determining the change of TEER in each group. The results
showed that TEER decreased significantly after treatment
with PT-G for 24 h compared to that of the control group
(190.3 £ 7.9 vs. 320.5 &+ 6.8 Q cm?, P < 0.001). How-
ever, the decrease could be attenuated by VD3, especially at
a concentration of 107°% M (295.8 £ 11.4  vs.
1903 £ 79 Q cmz, P < 0.001), as shown in Fig. 1a.

To confirm the effects of PT-G and VD3 treatments on
monolayer barrier function, we further measured the
changes of FD-4 flux in each group. The results showed
that FD-4 flux increased significantly in the PT-G group
compared to the control group (16.0 £ 0.7 wvs.
5.8 £ 0.8 pg/mL, P < 0.001), a finding consistent with the
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Fig. 1 Effects of VD3 and PT-G treatments on Caco-2 monolayer
barrier function. a Changes of TEER after being treated with different
reagents. b Changes of FD-4 flux after different kinds of treatments.
All data are pooled from six independent experiments and are shown
as mean £ SD. *P < 0.05; **P < 0.01; ***P < 0.001. VD3 1,25-
Dihydroxy vitamin D3, PT-G pepsin—trypsin-resistant gliadin, TEER
trans-epithelial electrical resistance, FD4 FITC-dextran 4000

changes in TEER. However, this increase was significantly
attenuated by dual treatment with PT-G and different
concentrations of VD3. In addition, this effect of VD3
seemed to be strongest at a concentration of 107° M
(6.7 £ 0.4 vs. 16.0 = 0.7 pg/mL, P < 0.001) as shown in
Fig. 1b.

Effects of VD3 and PT-G Treatment on TJ Protein
Expression

The TJ complex plays a critical role in maintaining
monolayer barrier function. Therefore, we evaluated whe-
ther treatment with PT-G and VD3 can influence the TJ
complex by measuring Caco-2 cell monolayer TJ proteins
at both the mRNA and protein levels by qPCR and western
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blot analysis, respectively. We found that both mRNA
(Fig. 2a) and protein (Fig. 2b, c) levels were slightly
decreased in the PT-G-treated group compared with the
control group after only 4 h of treatment. These decreases
were enhanced in the experiments in which treatment time
was extended to 24 h (Fig. 2d, e). However, all these
decreases were attenuated by treatment with different
concentrations of VD3, and this effect was more significant
when the treatment was extended to 24 h. Moreover, VD3
at a concentration of 10~ M showed stronger effects than
the other two concentrations (1077 and 107° M, as shown
in Fig. 2).

Suppressive Effect of VD3 Treatment on Zonulin
Release

As reported previously, PT-G-induced TJ injury is caused by
zonulin release [9—11]. Therefore, to determine how VD3
attenuates the decrease in TJ protein expression induced by
PT-G, we investigated whether VD3 treatment can influence
zonulin release in the Caco-2 monolayer. The results showed
that zonulin release began to increase significantly after the
monolayers were treated with PT-G for 2 h and reached a
peak at 10 h (Fig. 3). These results were consistent with
those reported in previous studies [6, 23]. However, zonulin
release levels decreased significantly when the monolayers
were treated with PT-G and different concentrations of VD3.
Moreover, zonulin release levels were the lowest in the group
treated with 10~8 M VD3, as shown in Fig. 3.

Inhibitory Effects of VD3 Treatment on MyDS88
Expression, an Upstream Effector of the Zonulin
Release Signaling Pathway

Previous studies have shown that PT-G-induced zonulin
release was dependent on the recruitment and activation of
MyDS88 [12], an upstream intracellular signal factor that is
also associated with activation of the innate immune system
[28]. In addition, VD3 was previously reported to regulate
innate immunity in the intestine by inhibiting MyD88
expression [20-22]. Thus, we hypothesized that the sup-
pressive effects of vitamin D3 on zonulin release may also
be related to inhibition of MyD88. Therefore, we measured
MyD88 mRNA and protein levels in the Caco-2 monolayer
by qPCR and western blot analysis, respectively, after the
monolayer was treated as described above. The results
showed that both mRNA and protein expression levels were
significantly increased in the PT-G-treated group compared
with the control group, and these increases were attenuated
by dual treatment with PT-G and different concentrations of
VD3, especially for 24 h. Moreover, treatment with VD3 at
a concentration of 10~® M was more effective than the other
two concentrations, as shown in Fig. 4.
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Fig. 2 Effects of VD3 and PT-G treatments on TJ protein expres-
sion. a gPCR analysis of TJ protein (occludin, claudin-1, and ZO-1)
mRNA expression levels after being treated with different reagents
for 24 h. b, ¢ Western blot analysis of TJ protein (occludin and
claudin-1) expression levels after being treated with different reagents
for 4 h. d, e Western blot analysis of TJ protein (occludin, claudin-1,

and ZO-1) expression levels after being treated with different reagents
for 24 h. All data present the results of more than three independent
experiments and are shown as mean £ SD. *P < 0.05; **P < 0.01;
##%P < 0.001. VD3 1,25-Dihydroxy vitamin D3, PT-G pepsin—
trypsin-resistant gliadin, 7/ tight junction
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Fig. 3 Suppressive effect of VD3 treatment on zonulin release.
Zonulin release levels in the culture medium of the monolayers were
detected at different intervention times. As shown in the figure,
zonulin level began to increase significant in the PT-G group after
being treated for 4 h and reached to a peak at the time point of 10 h.
However, the increased zonulin levels could be significantly atten-
uated in the PT-G + VD3 groups, especially in the group with a
concentration of 107® M VD3. All data present the results of three
independent experiments and are shown as mean &+ SD. VD3 1,25-
Dihydroxy vitamin D3, PT-G pepsin—trypsin-resistant gliadin

@ Springer

VD3 Reduced Intestinal Mucosal Barrier
Permeability in Gluten-Sensitized Mice

To confirm the effects of VD3 on PT-G-induced TJ inju-
ries in vivo, we established a gluten-sensitized mouse
model according to the previous studies [25-27]. First, we
assessed intestinal mucosal barrier function by measuring
serum FD-4 concentrations. The results showed that FD-4
concentrations were significantly higher in the PT-G group
than in the control group (0.63 % 0.16 vs. 0.39 £ 0.04 pg/
mL, P = 0.0016). However, serum FD4 concentrations in
PT-G + VD3 group were much lower than those in the
PT-G group (0.44 £0.06 vs. 0.63 £ 0.16 pg/mL,
P = 0.0095) and had no significant difference compared
with the control group (P = 0.10), as shown in Fig. 5.

VD3 Up-Regulated TJ Protein Expression
in Gluten-Sensitized Mice

As stated above, VD3 regulates TJ protein expression in
the Caco-2 monolayer model; thus, we assessed whether
treatment with 100 ng/20 g VD3 for 7 consecutive days
can influence TJ protein expression in vivo. We found that
the expression levels of TJ proteins (occludin, claudin-1,
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Fig. 4 Inhibitory effect of VD3 treatment on MyD88 expression.
a qPCR analysis of MyD88 mRNA expression level after being
treated with different reagents for 24 h. b, ¢ Western bolt analysis of
MyD88 protein expression level after being treated with different
reagents for both 4 and 24 h. All data present the results of more than

-B-actin e e o e e

4 5
FMyD88 s S s S S 1 .control

2.PT-G

3.PT-G+10"M VD3
4.PT-G+10-*M VD3
5.PT-G+10°M VD3

.B-actin — — — e —

* [kkk

1N o o =
EN o (=] o
1 1 1 1

MyD88 Relative Level
o
Y

o
o
[l

N NS NS
o g o
& & &
24h

three independent experiments and are expressed as mean =+ SD.
*P < 0.05; #*P < 0.01; ***P < 0.001. VD3 1,25-Dihydroxy vitamin
D3, PT-G pepsin—trypsin-resistant gliadin, MyD88 myeloid differen-
tiation factor 88
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and ZO-1) were significantly up-regulated in the VD3-
treated group compared with the PT-G-treated group, a
finding consistent with the results of experiments involving
the Caco-2 monolayer model (Fig. 6).
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Fig. 5 VD3 reduced intestinal mucosal barrier permeability in
gluten-sensitized mice. Serum FD-4 concentrations of gluten-sensi-
tized mice were measured after being treated with different reagents
for 7 days by oral administration (n = 8 in each group). All data are
expressed as mean £ SD. *P < 0.05; **P < 0.01; ***P < 0.001.
VD3 1,25-Dihydroxy vitamin D3, PT7-G pepsin—trypsin-resistant
gliadin, FITC-dextran 4000
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VD3 Blocked the MyD88-Dependent Zonulin
Release Signaling Pathway In Vivo

We also evaluated the influence of VD3 treatment on the
MyD88-dependent zonulin release signaling pathway
in vivo. The results showed that MyD88 expression levels
increased significantly in the PT-G-treated group com-
pared with the control group; however, this increase could
be attenuated by VD3 treatment (Fig. 7a, b). Moreover, the
change in zonulin release levels elicited by VD3 treatment
was similar to the change in MyD88 levels, as shown in
Fig. 7c.

Discussion

CD is a chronic autoimmune disease that is predominantly
triggered by gluten. Previous studies have shown that
gluten and its components, especially PT-G, can induce
CD by injuring the small intestinal mucosal barrier through
the MyD88-dependent zonulin release signaling pathway.
Although larazotide acetate, a new synthetic peptide that is
used to block the zonulin receptor, has shown potential as
an adjuvant therapy for CD [29, 30], it remains unavailable
for all patients because of questions regarding its efficacy
and safety. Moreover, it must also be evaluated in
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Fig. 6 VD3 up-regulated TJ protein expression in gluten-sensitized
mice. a, b Western blot analysis of the expression levels of TJ protein
(occludin, claudin-1, and ZO-1) in small intestinal epithelium of
gluten-sensitized mice after being treated with different reagents for
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7 days. All data are pooled from the results of more than three
independent experiments and are expressed as mean + SD.
*P < 0.05; #*P < 0.01; ***P < 0.001. VD3 1,25-Dihydroxy vitamin
D3, PT-G pepsin—trypsin-resistant gliadin, 7/ tight junction
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Fig. 7 VD3 blocked the
MyD88-dependent zonulin
release signaling pathway

in vivo. a qPCR analysis of
MyD88 mRNA expression level
in small intestinal epithelium of
gluten-sensitized mice after
being treated with different
reagents for 7 days. b Results of
immunohistochemistry shown
that MyD88 expression level
increased significantly in the
PT-G group, while significant
expression of MyD88 was not
observed in control group and
PT-G + VD3 group. ¢ Serum
zonulin levels of gluten-
sensitized mice were detected
after being treated with different
reagents for 7 days (control
group and PT-G group: n = 10;
PT-G + VD3 group: n = 8).
All data are expressed as

mean + SD. *P < 0.05;

**P < 0.01; #**P < 0.001.
VD3 1,25-Dihydroxy vitamin
D3, PT-G pepsin—trypsin-
resistant gliadin, MyDS88
myeloid differentiation factor
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additional well-designed randomized clinical trials dysfunction induced by DSS [17], LPS [18], and alcohol

[31, 32]. In this study, we reported that VD3, a reagent that
is widely used in the clinic, may be useful as an alternative
to larazotide acetate.

VD3 is primarily used for the treatment of osteoporosis.
Alternatively, VD3 is also used as a nutritional supplement.
However, VD3 has been reported to have many additional
functions in recent years. Specifically, it has anti-tumor
effects [33] and can suppress the immune response [34].
We were interested in VD3 because it is also a TJ regulator
that can be used to ameliorate the intestinal mucosal barrier

[19]. However, whether VD3 can protect the small
intestinal mucosal barrier from PT-G remains unclear.
Here, we observed that VD3 protects against PT-G-in-
duced TJ injuries both in a Caco-2 monolayer model and in
a gluten-sensitized mouse model.

In the Caco-2 monolayer model, TEER decreased and
FD-4 flux increased significantly after the monolayer was
treated with PT—G for 24 h, indicating that PT-G induced a
significant increase in Caco-2 monolayer permeability. We
subsequently measured TJ protein mRNA and protein levels
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by qPCR and western blot analysis, respectively. The
results showed that occludin, claudin-1, and ZO-1 levels
decreased slightly in the PT-G-treated group compared
with the control group after the monolayers had been
treated with PT-G for 4 h. These decreases became more
significant when the treatment time was extended to 24 h.
These findings suggest that PT-G down-regulates TJ pro-
tein levels. Moreover, we also evaluated zonulin release
signaling pathway activity by measuring MyD88 expression
and zonulin release levels. The results showed that both
MyD88 expression and zonulin release levels increased
significantly in the PT-G-treated group compared with the
control group, which indicates that PT-G activates the
zonulin release signaling pathway. All these results were
consistent with those of previously published studies, which
reported that gliadin or PT-G increased zonulin release,
resulting in TJ protein disassembly and increases in Caco-2
monolayer barrier permeability [35-37].

However, treatment with VD3 significantly increased
TEER and significantly decreased FD-4 flux. In addition,
treatment with VD3 increased occludin, claudin-1, and ZO-
1 both at the mRNA and at protein levels. Moreover, VD3-
containing treatment also significantly decreased MyD88
expression and zonulin release levels. All these results
suggest that VD3 can suppress zonulin release signaling
pathway activity, up-regulate TJ protein expression, and
attenuate increases in Caco-2 monolayer permeability.

The following three different concentrations of VD3 were
used in this study: 1077, 1078, and 10~° M. Our results
showed that the protective effects of 10~* M VD3 tended to
be superior to those of 10~° M VD3. However, when the
concentration was increased to 10”7 M, this enhancement
disappeared. These findings suggest that the protective
effects of VD3 on PT-G-induced TJ injury may be dose
dependent and that 10~® M may be the optimum concentra-
tion for treatment. These results differ slightly from those of
other studies focusing on TJ injuries induced by TNF-o [18]
or alcohol [19]. The results of previous studies suggested that
10~7 M was the most effective concentration compared with
10~% and 10~° M. We attribute the differences between our
results and those of the above-mentioned studies to the tumor
cell-killing effects of high concentrations of VD3 [38-40],
and this effect may be enhanced by PT-G through an
unknown mechanism. Additionally, the source of the Caco-2
cell line, different experimental conditions, and experimental
devices may also contribute to the difference.

To confirm our findings in vivo, we used a gluten-sen-
sitized mice model. The mice were sensitized with PT-G
for 30 consecutive days, which resulted in significant
increases in small intestinal permeability and significant
decreases in TJ protein expression, as previously reported
[41, 42]. Moreover, the above treatment also resulted in
MyD88-dependent zonulin release signaling pathway
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activation. However, these changes were attenuated by
treatment with oral VD3 for 7 consecutive days, a finding
that confirmed VD3 has protective effects against PT-G-
induced intestinal mucosal barrier injuries in vivo.

Herein, we reported that VD3 can protect the intestinal
mucosal barrier from PT-G both in vitro and in vivo.
However, the study also had some limitations that must be
addressed. First, the changes in distribution of the TJ pro-
teins in the Caco-2 monolayer were not shown by
immunofluorescence, as in most published studies [17-19],
because the cells were too thick to be stained and were
likely to flake off after being cultured for more than
21 days. Second, neither MyD88 nor zonulin antagonists
were used to identify the specific molecule targeted by VD3
to block the zonulin release signaling pathway. Third, we
did not explore the mechanism through which VD3 blocks
the above signaling pathway. However, based on the results
of previous studies [17-19], which reported that VD3 acts
by binding to its nuclear ligand, i.e., the VDR, we suspect
that VD3 may also inhibit the above pathway by binding to
its ligand. However, further studies involving this ligand are
needed to confirm this hypothesis. Finally, the models used
herein were also limited. The Caco-2 monolayer model is
often used to study diseases associated with the large
intestinal mucosal barrier, as the characteristics of the Caco-
2 monolayer are thought to be more similar to those of the
colon. Thus, using this model to study small intestinal
mucosal barrier function may not be appropriate. Moreover,
the gluten-sensitized mouse model is also not widely used
for studies of CD, and most published studies used the DQS8
or DQ2 transgenic mouse model instead, which is a better
system but is difficult to obtain in China. Additionally, the
side effects, such as renal stones and hypercalcemia, of
VD3 were not evaluated in the animal experiments.

In conclusion, our study reported that VD3 exerts a
protective effect on the small intestinal mucosal barrier
from PT-G by up-regulating TJ protein expression. In
addition, the mechanism of this protective effect may be
related to the blockage of the MyD88-dependent zonulin
release signaling pathway. Our findings may facilitate the
development of new treatment strategies for CD. However,
additional randomized control clinical trials are still needed
to confirm the efficacy and proper dose of VD3 as a
treatment for CD in the future.
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